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Abstract
Polarized SANS results obtained on ferromagnetic Co nanowires embedded in alumina (Al2O3) porous matrices are
reported. The triangular arrays of aligned nanowires are investigated as a function of the external magnetic ﬁeld in order
to determine experimentally the real space magnetization M(r) distribution inside the material during the magnetic hys-
teresis cycle. The observation of ﬁeld-dependent SANS intensities allows us to characterize the inﬂuence of stray ﬁelds.
Micromagnetic calculations are compared to the SANSPOL experimental data. These results show that SANSPOL is a
technique able to address real-space magnetization distributions in magnetic nanosystems.
c© 2013 The Authors. Published by Elsevier B.V.
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Polarised Neutrons in Condensed Matter Investigations
Keywords: Nanomagnetism, neutron scattering, polarized neutrons, nanowires
1. Introduction
The structural, magnetic and optical properties of nano-objects organized in periodic arrays have been
intensively studied in the recent years, as part of the growing interest for functionalized nanostructures.
Elongated magnetic nano-objects in the form of nanowires with very high aspect ratio (length/radius) have
emerged as some of the most promising materials due to several factors [1]. First, synthesis improvements
have made it possible to produce very high quality arrays with narrow size distribution [2] or 2D organisation
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Fig. 1. Left Panel : Room-temperature magnetization of amorphous Co nanowires (SCN) in alumina matrix (SEM images shown as
inset) along the nanowire axis (H//z) and in the plane of the membrane (H ⊥ z) : H⊥C = 37 Oe , M⊥R = 0.008MS , H‖C = 380 Oe,
M‖R = 0.25MS . Right panel: (a) Stray ﬁelds generated by an individual nanowire with a diameter of 10 nm and a length of 100 nm. The
simulation has been performed with the FEMM software. (b) Proﬁle of the induction across the diameter. (c) Stray ﬁelds generated
for a 1D assembly of nanowires and inter-nanowire distance of 20nm. (d) The proﬁle of the induction indicate that the stray ﬁelds are
comparable in size (-3/4 of the nominal internal induction).)
in matrices [3, 4]. Second, the magnetic properties of ferromagnetic (FM) nanowires is essentially governed
by their shape anisotropy, leading to large magnetic coercivity [5], and hence potential for switching devices,
high-density storage and even permanent magnets at ”high-temperatures” [6]. Theoretical and numerical
eﬀorts [7, 8, 9] to address fundamental issues related to the transition from an atomic description to a
”nanoscale” description, from discrete approaches to continuous models, have helped to understand the
collective behavior of nanoscale objects, in particular magnetic nanowires [10, 11, 12].
In this article, we report Polarized Small Angle Neutron Scattering (PSANS) investigations of Ferro-
magnetic Co nanowires embedded in an alumina matrix. This technique is well suited to probe both the size
and shape of nano-objects through the characterization of the form factors F(q) (magnetic and nuclear), and
their spatial organization through the structure factor S (q). Only recently were reported SANSPOL studies
on magnetic nanowires [13, 14, 15] and we show that beyond structural information (shape of the objects,
2D organisation) already accessible with non-polarized SANS, adding a polarized incident beam provides
information on the magnetization of the sample as a function of magnetic ﬁeld: In particular one can gain
access, through the evolution of the magnetic form factor, to the stray ﬁeld distribution in-between the wires.
The metallic nanowires have been deposited electrochemically in solution. The growth process is con-
trolled by the electrodeposition current and the bath basicity [3, 16]. In particular, it is possible to synthesize
hcp Co nanowires with the c axis either parallel or perpendicular to the long axis of the nanowires. In the
present study, the pores are characterized by a diameter φP = 40 nm and an inter-pore distance dP = 105 nm
(see Figure 1). They are ﬁlled with Co [17] and the length of the Co nanowires is about 25 μm. They are
amorphous [18] so that only the shape anisotropy contribute to the hysteresis loop . The magnetic hysteresis
cycles for magnetic ﬁelds parallel (z direction) or perpendicular to the wires axis are presented in Figure
1. For H ⊥ z, the hysteresis cycle is almost closed (H⊥C = 37 Oe and M⊥R = 0.008 MS ). For H//z, the
remanence is only M‖R = 0.25 MS and the coercive ﬁeld is H
‖
C = 380 Oe. The low value of M
‖
R and the shape
of M(H) may be explained by such interactions. [19, 20, 21].
2. SANS Experiments : Modelling
The SANS intensity I±(q) (± stands for UP or DOWN incoming polarization) for perfectly polarized
beam may be written with good approximation as: I±(q) = |FN(q) ± FM(q)|2S (q) where FN(q), FM(q)
and S (q) are respectively the nuclear form factor, the magnetic form factor and the structure factor. We
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deﬁne ΣI(q) and ΔI(q) as: ΣI(q) = I+(q) + I−(q) = 2[F2N(q) + F
2
M(q)]S (q) and ΔI(q) = I
+(q) − I−(q) =
4FN(q)FM(q)S (q). For P < 1, the measured I+r (q) and I
−
r (q) become: I
+
r (q) = PI
+(q) + (1 − P)I−(q) and
I−r (q) = (1 − P)I+(q) + PI−(q). We thus deﬁne Λ(q) to eliminate S (q):
Λ(q) =
I+r (q) + I
−
r (q)
I+r (q) − I−r (q)
=
2(2P − 1)FN(q)FM(q)
F2N(q) + F
2
M(q)
(1)
In the case of particles of volume VP with a scattering Length Density (SLD) ρcyl dispersed in a medium with
SLD ρmed, the nuclear form factor FN(Q) of the particles is deﬁned as FN(q) = (Δρ)Fgeo(q), where Fgeo(q)
is the geometrical form factor and Δρ = ρP − ρM . Fgeo(q) for nanowires is, to a very good approximation,
equal to that of a full cylinder of radius R and length L [22, 23, 24]:
Fgeo,cyl(q) = VP
2J1(q⊥R)
q⊥R
.
sin( 12q‖L)
1
2q‖L
(2)
where J1(x) is the ﬁrst-order Bessel function. q‖ and q⊥ are respectively the projections of the scattering
wave-vector q along the z-axis (the nanowire axis and incident beam direction) and in a plane perpendicular
to it : q = q‖ + q⊥. As it will be discussed later, it is also useful to express the form factor for a ”core-shell”
cylinder is given, in the case of nanowires aligned along the beam direction, by:
FN(q) = 2(ρcore − ρshell)Vcore J1(u)u + 2(ρshell − ρmed)Vshell
J1(v)
v
(3)
where u = qR and v = q(R + t). L is the length of the core part of the cylinder, R is the radius of the core,
t is the thickness of the shell (along the side and at the tips of the cylinder), ρcore, ρshell and ρmed are the
scattering length densities of the core, the shell and the medium, respectively.
The magnetic form factor FM(q) for a magnetic particle of volume Vi may be written as FM(q) =∫
Vi
ΔηM · eiq.rdr where ΔηM = ηM,cyl − ηM,med is the magnetic contrast density between the particles and
its surrounding medium. If the medium is non-magnetic then: ηM,med = 0. In analogy with the nuclear
SLD, the magnetic SLD for an assembly of magnetic particles is ηM =
e2γ
2mc2
∑
i
ci
Vi
M⊥i where ci and Vi are
respectively the atomic concentration and ”volume” of the ith particle. M⊥i (expressed in Bohr magnetons)
is the projection of the atomic magnetic moment onto the plane perpendicular to the scattering wave vector
and e2γ/(2mc2) = 0.27×10−12 cm is the magnetic scattering length of 1μB. FM(q) is thus proportional to the
Fourier transform of the component of M perpendicular to q. We now make the assumption that the internal
magnetization inside the nanowires is identical and uniform inside the volume of all nanowires (i.e. Vi = Vp).
This assumption seems perfectly valid at high ﬁelds (above 0.5T according to Figure 1). Then, we obtain
a straightforward relationship between FM(q) and FN(q): FM(q) = (ηM,p/Δρ).(Vi/Vp)FN(q) = χ(q)FN(q).
The parameter χ(q) (in units of Bohr magnetons μB) is easily related to the experimental quantity Λ(q)
by replacing FM(q) by χFN(q) in Eq. 1. A q-dependence of Λ(q) is expected if the magnetization is not
uniform inside/outside the wires, due to end-tips, stray ﬁelds or demagnetization [15, 25, 26]. The function
χ(q) traduces the spatial distribution of magnetization inside the sample either through SLD variations or
eﬀective magnetized volume.
The last piece of the puzzle is the structure factor S (q) which is a consequence of the 2D long-range
organization of the pores/nanowires in the alumina membrane. A regular pattern will induce ”Bragg peaks”
for q values corresponding to the lattice type. SEM images of the porous alumina membranes show a long-
range triangular array with inter-pore distance around 100-110 nm and pore diameter dP around 40nm (see
Fig 1). S (q) can be evaluated in several ways : numerically from SEM images or with an adapted Percus-
Yevick model [27, 28] which is based on the hard sphere model that takes into account some disorder. This
model turns out to suit the case of porous alumina membranes by identifying φS with the pore diameter
dP. For very well ordered systems (hexagonal in the present cas), one obtains a diﬀraction image and the
Percus-Yevick model is then a lot less applicable [15]. For assemblies of pores exhibiting some orientational
disorder, the Bragg spots are no longer observed at speciﬁc q vectors, but the scattering intensity is spread
along a ring of constant |q|. Another approach that takes into account the high level of structural order is
to consider a 2D triangular lattice with inter-pore spacing d0 including Nearest-Neighbours (NN) and Next
Nearest-Neighbours (NNN).
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3. SANS experiments : Results
The SANS experiments were performed on the PAPYRUS (G5.5) spectrometer at the Laboratoire Le´on
Brillouin (CEA Saclay) with a neutron wavelength of λ = 0.8 nm and a sample-to-detector distance of 400
cm. The detector is a 64x64 cm2 BF3 2D grid with 5mm pixel size (128x128 pixels). The accessible wave-
vector q-range is thus 0.03 < q < 0.62 nm−1. The direct beam position at the detector (central position)
is blocked out by a Cd beam stopper. The incoming neutrons are polarized in the UP (+) direction by a
polarizing mirror to achieve a polarization degree of P = 0.95 of the neutrons. An adiabatic spin ﬂipper
reverses the neutron polarization from UP (+) to DOWN (-). The polarization of the outgoing neutrons
hitting the detectors is not analyzed. In the present SANSPOL experiment, the sample (disk of ∼ 8 mm
diameter) was placed perpendicular to the incoming beam, that is with z-axis parallel to ki. In such case,
q = k f −ki ≈ q⊥ is a very good approximation. The data are represented as a function of q, which is obtained
from the usual SANS expression q = ki sin(θ) where ki = 2π/λ and θ is the scattering angle. Alignment
as good as 0.5 degrees are required to obtain fully isotropic SANS scattering. The magnetic ﬁeld was set
parallel to the incoming beam and hence parallel to the nanowire axis (H//z). The data were obtained
from collecting neutron counts on a 2D detector and the intensity proﬁle I(Q) was obtained after circular
integration around the direct beam central position.
Figure 2 shows SANS intensity I(q) of Co nanowires embedded in porous alumina. The ﬁrst low-q
peaks, located at around q ≈ 0.06 nm−1 and q ≈ 0.12 nm−1, will serve to estimate the inter-nanowire distance
dp and nanowire radius R. In a ﬁrst approximation, dp = (2/
√
3)(2π/0.065) ≈ 112 nm, in agreement with
SEM data, but a more careful estimate is necessary. To this end, we have used the Percus-Yevick model. As
shown in Figure-2, the best agreement is found for dp = 110 nm, R = 13 nm (the main eﬀect of the radius
parameter R is seen by a modiﬁcation of the I(q) slope at large q) and a ﬁxed packing density parameter
η = 0.5. SEM introduces a gaussian high-frequency noise which corresponds to a spread gaussian in the
reciprocal space, leading to a blurred zone around the holes on the SEM images. Therefore, some caution
should be taken when comparing SEM and SANS results. The bottom panel of Figure-2 shows the results
of applying the 19-sites triangular 2D model with various dp values. The overall agreement is satisfactory
concerning the peak positions, however the relative intensities are poorly described by this model. Weaker
”high-q” peaks appear at q = 0.184, 0.244 nm−1. The peak positions correspond well with the values derived
from the purely triangular structure factor model with dp = 110 nm: q = 0.069, 0.126, 0.179, 0.239 nm−1.
The evolution of the magnetic scattering ΔI(q) = I+(q) − I−(q) (circular integration of a 2D map) as a
function of the applied magnetic ﬁeld is represented in Figure 2. High-ﬁeld (|H| > 0.3T) data drawn in black,
low ﬁeld data are in green and blue/red show intermediate magnetic ﬁelds. By introducing a scaling factor
K : ΔI(H) ∼ K(H)ΔI(1T ) where 1T serves as benchmark data for ”fully magnetized” nanowires along
their long-axis, one can derive from this curve an hysteretic behavior of ΔI(q) by plotting K(H) (see inset
in Fig-2). The observed ﬁeld-dependence of ΔI(q) is due to the magnetic form factor FM(q). The striking
feature revealed in the inset of Fig-2 is the sign inversion of K(H) occurring ±0.05 T, followed by another
more modest inversion below ±0.02 T. It shows that the magnetization component M⊥q presents inversion
features at low ﬁelds. From the expression FM(q) = χ(q)FN(q), one can extract FM(q), knowing χ(q) from
the SANSPOL experiments and FN(q) (best ﬁts to the unpolarized data and SEM images with essentially
one parameter of importance : R = 13 nm). The magnetic form factor FM(q) for three magnetic ﬁeld values
(0 T, 25 mT, 1 T) corresponding to the three regimes is shown in Figure-2. We then make the assumption
that FM(q) can be expressed as a function of a scaling parameter (K′) and a geometrical magnetic form
factor which represents the magnetic ”landscape” of the sample : FM(q) = K′F
geo
M (q). The geometrical
magnetic form factor FgeoM (q) is modelled using a ”core-shell cylinder” form factor (see Eq.3: F
geo
M (q) =
I1J1(qR1)/(qR1)+ I2J1(qR2)/(qR2). The results are shown in Figure-2 (right panel). A very good agreement
is found in the three identiﬁed regimes with the following parameters: with I1 = 2.3 ± 0.2 = Δη1V1,
R1 = 12.35±0.15 nm, I2 = −3.6±0.5 = Δη2V2, R2 = 31.6±0.9 nm and K′ values as shown in the Figure-2.
R1 is extremely close to the structural pore radius (13nm) while the ”shell” radius R2 ≈ 31 nm reﬂects the
fact that stray ﬁelds (opposed to the core magnetization) in-between nanowires extend in space up to about
17 nm outside the wires. With I1/I2 ≈ −0.638 and V2/V1 ≈ 4.33, we have: ηm,1/ηm,2 ≈ −1.76. ηm,1 is related
to M⊥i (perpendicular to q) magnetization of the Co atoms, which is, at full saturation, MCo,sat ≈ 1.75μB/
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Fig. 2. Top-left Panel (a) : SANS data (λ = 0.8nm) compared with a ﬁtted SANS model including a Percus-Yevick structure factor
S PY (q) and a Bessel-type expression for the nuclear form factor FN (q). The best agreement is found for dp = 110 nm and R = 13
nm. For all ﬁts η = 0.5. Bottom-left Panel (b): comparison with an hexagonal model (R = 13 nm ﬁxed) and varying dp. Top-right
panel: SANSPOL intensities ΔI(q) = I+ − I−. The color code groups data sets with the same ”shape” or q dependence. High-Field
(|H| > 0.3T) data are in black; low ﬁeld data are in green and blue/red show intermediate magnetic ﬁelds. The peaks are located at
the same q values as for ΣI(q) data (left panels). The q-oscillatory behavior can be qualitatively expressed as ΔI(H) ∼ K(H)ΔI(1T )
where 1T serve a benchmark. While green data are characterized by very low ΔI(q) values, red and blue ΔI(q) values are relatively
large with reversed sign of K(H). The inset shows the amplitude term K as a function of magnetic ﬁeld that qualitatively accounts for
the amplitude. Bottom-right panel : Magnetic Form Factor FM(q) of Co nanowires for 0T, 25mT and 1T. Solid lines are best ﬁts using
a core-shell cylinder model with the parameters I1 = 2.3 ± 0.2, R1 = 12.35 ± 0.15 nm, I2 = −3.6 ± 0.5, R2 = 31.6 ± 0.9. Inset panel :
FM(q) normalized to unity (divided by K′). The scaling parameter K′ for each magnetic ﬁeld is indicated.
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Co-atom ≈ 1400 kA/m, equivalent to a magnetic ﬁeld Hzcore ≈ 1.7 T, with this value in mind, we obtain
an opposing magnetic ﬁeld in the shell region around the nanowires of about Hzshell = −1.0 T. Stray ﬁelds
generated by neighboring nanowires must then be taken into account in the analysis of SANS experiments.
4. Conclusion
In summary, we have performed polarized neutrons small angle scattering on ordered arrays of Co
magnetic nanowires. We showed that SANSPOL studies is a tool to characterize, both structurally and
magnetically, this type of magnetic nano-objects. With unpolarized neutrons, it is possible to disentangle
the structure factor of the array and the nuclear form factor of a single wire. In the polarized neutrons
case, it is possible de derive directly from the data the magnetic form factor we show that the magnetization
distribution in the sample must include very signiﬁcant stray ﬁelds in-between nanowires whose evolution
as a function of external magnetic ﬁeld is also reported.
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